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Abstract. We show that portions of an image written into a gradient echo memory 
can be individually retrieved or erased on demand, an important step towards 
processing a spatially multiplexed quantum signal. Targeted retrieval is achieved by 
locally addressing the transverse plane of the storage medium, a warm ^^Rb vapor, with 
a far-detuned control beam. Spatially addressable erasure is similarly implemented by 
imaging a bright beam tuned near the ^^Rb Di line in order to scatter photons and 
induce decoherence. Under our experimental conditions atomic diffusion is shown 
to impose an upper bound on the effective spatial capacity of the memory. The 
decoherence induced by the optical eraser is characterized and modeled as the response 
of a two level atom in the presence of a strong driving field. 
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1. Introduction 

Quantum communication protocols are based on sharing entanglement between remote 
locations [K [2]. Since photons are often used in the transportation of quantum states, 
optical loss typically limits the maximum achievable distance over which entanglement 
can be shared. Several proposals have addressed this problem by dividing the 
quantum channel into shorter segments that are separately purified and connected 
by entanglement swapping |3j. These protocols rely on the availability of a quantum 
memory allowing for the storage and retrieval of quantum information. 

A variety of storage methods have been developed in atomic systems, many of 
which exploit collective excitations in atomic vapors [4J. Using a vapor of ^''Rb, the 
Gradient Echo Memory (GEM) technique has recently been shown to yield retrieval 
eflBciencies of up to 87% and recall fidelities exceeding the no-cloning limit [5j. GEM 
is based on the coherent transfer of a weak optical pulse via Raman coupling to a spin 
wave excitation in the hyperfine ground state of the storage medium [6]. The Raman 
transition is broadened due to the Zeeman effect by applying a magnetic field gradient 
along the propagation axis. The inhomogeneity of the magnetic field causes the excited 
longitudinal spin wave to reversibly dephase. Inverting the slope of the gradient after 
a brief period causes the spin wave to begin rephasing. Applying an intense Raman- 
coupled control beam coherently transfers the rephased spin wave back into an optical 
echo which emerges in the forward direction. 

Extending the storage time and recall fidelity of this system is a challenging problem 
since the coherence time of the ground state ultimately limits the performance of the 
memory [7j. It has been shown, however, that storage time requirements for quantum 
repeaters can be reduced by several orders of magnitude if a multiplexed memory is used 
[HI |9j . Since GEM has been shown to allow spatiotemporal multiplexing ^OJ HJj , it is 
a good candidate to accommodate spatially multiplexed signals sent between nodes of 
a quantum repeater. Narrowband single-photon sources compatible with this memory 
have already been demonstrated [12], and spatially multiplexed signals consisting of 
only a few photons have been stored using similar techniques in a cold atomic gas [13j. 
In addition to storing single photons, spatial multiplexing would aid in the distribution 
of continuous- variable entanglement. For example, entangled Gaussian states shared 
between nodes could be distilled by way of heralded non-Gaussian operations [14j such 
as photon subtraction ^] before being selectively connected by entanglement swapping 

m- 

In this paper, we demonstrate that it is possible to selectively retrieve, at different 
times, subregions of an image stored in the memory. We store an image of the NIST 
logo and partially retrieve 3 different subregions of the image after 2, 2.5, and 3 //s of 
storage time. This suggests that the selective retrieval of multi-spatial-mode quantum 
states should in principle be possible using a multiple-rephasing protocol similar to [17j. 
To enhance the fiexibility of this partial retrieval protocol, we also introduce a technique 
that allows for selective erasure of subregions of the image during storage. By applying 
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an intense beam referred to as an "optical eraser" near the Di resonance (795 nm), we 
can rapidly induce decoherence in the spin wave through spontaneous emission. If the 
optical eraser is confined in the transverse plane of the memory, an isolated subregion 
of the image can be targeted for deletion. For a multi-spatial-mode quantum state, it 
should be possible to selectively erase a limited number of quantum channels during 
storage without degrading the quantum states of neighboring modes. 

1.1. Experimental set-up 




optical memory 



Figure 1. Experimental setup for multiple-readout GEM experiment, a) Generation 
of the probe, write, and individual read beams. A titanium-sapphire (TiiSapph) laser 
serves as a master laser near the control beam frequency. An electro-optic phase 
modulator (EOM) driven at 3.036 GHz is used to generate optical sidebands in the 
master laser light, and a slave diode laser is injection locked at the first blue sideband 
to prepare the probe beam. The probe and control beams are amplitude-modulated 
using independent acousto-optic modulators (AOMs) and spatially filtered with single 
mode fibers (SMFs). b) The three read beams are combined using edge-coated mirrors 
and imaged into the memory cell. The probe and control beams are combined using 
a polarizing beam splitter (PBS). Inset: Raman coupling of the ground state near the 
8^Rb Di line. 
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Our apparatus allows three different sub-regions of the atomic excitation to be 
read out independently (Fig. [T]). From a master Ti:sapphire laser, a fraction of the 
light is sent through a fiber-coupled electro-optic phase modulator driven at 3036 MHz 
corresponding to the hyperfine splitting of the ground state in ^^Rb. The first blue 
optical sideband of the modulated light is selected by injection locking a current-tuned 
diode laser. The diode light is then pulsed using an 80 MHz acousto-optic modulator 
(AOM), and the first diffracted order of the AOM is spatially filtered using a single 
mode fiber. Finally, the mode shape of the light emerging from the fiber is expanded 
with a telescope and passed through a 2x8 mm binary intensity mask of the NIST logo. 
The mask is imaged into the atomic memory with a magnification of 1.25. We refer to 
this blue-detuned image as the probe. 

The remaining master laser power is sent through a chain of four additional AOMs 
all driven at 80 MHz, and the first diffracted order from each AOM is coupled into a 
single mode fiber (Fig. [l]-a). Independently driving these AOMs allows us to implement 
an arbitrary pulse sequence among the beams while maintaining control of their optical 
frequencies. We use one of these control beams, referred to as the "write" beam, to 
mediate the Raman coupling of the probe pulse to the atomic ground state coherence. 
This 50 mW write beam is spatially filtered using a single mode fiber, collimated to a 
^ diameter of 2 cm, and combined with the probe beam on a polarizing beamsplitter 
similar to pUj . 

The three remaining "read" control beams are included in the setup to address 
different subregions of the transverse plane of the vapor cell at different times. These 
beams are prepared at the same optical frequency to ensure that all retrieved pulses 
emerge at the same frequency. This approach simplifies any desired homodyne detection 
in future experiments by requiring only a single local oscillator frequency to detect 
the field quadratures of each retrieved subregion. To achieve time-dependent spatial 
addressability, the optical paths of the beams are combined using an assembly of edge- 
coated mirrors as illustrated in Fig. [l]-b. The combination plane is imaged into the cell 
in order to obtain two sharply defined boundaries between the three zones of the image 
that are to be independently retrieved at different times. 

In all experiments, we Zeeman-broaden the Raman line to a width of ^ 1 MHz. 
All probe pulses were temporally shaped as Gaussians with a ^ width of 2 /xs. The 
write beam is switched off during 2 /xs of storage time, and portions of the image 
are sequentially retrieved using three read beams each pulsed for 500 ns during the 
rephasing time of the spin wave (Fig. [2^). The atomic memory itself consisted of a 
20 cm long ^^Rb cell with 1.33 kPa (10 Torr) of Kr buffer gas heated to approximately 
80°C. Similar to [lU [19], we choose a relatively high partial pressure of the Kr buffer 
gas in order to mitigate the blurring effect observed on stored images due to atomic 
diffusion [TOl [Ilj . Using a technique identical to [10] , we estimate a diffusion coefficient 
for these experiments to be 35 cm^s~^. The echoes are captured using a gated intensified 
CCD camera in order to study the time dynamics of the readout. 
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2. Multi-spatial- mode readout 

The longitudinal orientation of the spin wave allows any transverse intensity modulation 
of the stored pulse to be recovered in the echo fTO|. Similarly, we are free to modulate 
the transverse intensity profile of the read beam in order to selectively read out any 
desired portion of a stored image. Three subregions of the NIST logo retrieved by 
the spatially addressable read beams are portrayed in Fig. [2)3. These subregions were 
retrieved piecewise during a single ^ 2 fis rephasing process and not from rephasing the 
spin wave three times [17j or performing three separate echo experiments. 
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Figure 2. a) Retrieval sequence as a function of storage time. Regions shaded blue, 
red, and green respectively denote the first, second, and third recalled subregions of 
the stored image. The black dotted line indicates the typical temporal shape of a 
single retrieved echo, b) Retrieved portions of the NIST logo as function of storage 
time and horizontal position. The NIST logo was stored once as a single input using 
a single pulse of the write beam. The image was then retrieved piecewise at various 
times (2, 2.5 and 3 jas) using three different read beams separately activated during the 
approximately 3 jas of rephasing time of the spin wave. Part a) of the figure indicates 
the fraction (in time) of the stored echo that is read out in the different spatial regions, 
c) Profile plot of the normalized intensity for a selected subset of pixels in order to 
show the boundary between two read-out regions: blue diamonds denote the retrieval 
at 2 /is, red circles at 2.5 /is, and green triangles at 3 fis. 

It is apparent from Fig. [2^ that the second retrieved subregion of the image is 
brighter than the first and last retrievals. This eflFect is due to nonuniform illumination 
of the mask with the probe beam and to the temporal shape of the retrieved pulse. 
Although the probe beam was expanded and collimated before passing through the 
intensity mask, its Gaussian profile contributed to a 35% reduction in intensity near 
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the edges of the mask. Since the temporal shape of the echo is also Gaussian with a 
maximum intensity corresponding to a retrieval time of 2.5 /xs, the first and last retrievals 
exhibited up to an additional 20% reduction in intensity. 

To characterize the addressability of the memory associated with this technique, we 
include plots of the normalized intensity profile for a single row of pixels at three different 
readout times in Fig. [2)3. The profile plots illustrate the extent to which a continuous 
intensity profile (the connection between the letter "S" and the letter "T" ) written into 
the memory can be sharply separated between two readouts. The normalized intensity 
profiles recalled in two neighboring readouts show a decline from 0.9 to 0.1 over a length 
of ^ 900 /xm. This length scale is consistent with that of the intensity profiles of the 
read beams imaged into the cell, confirming that the readout resolution is limited by 
the sharpness of the boundaries between the read beams. 

Our strategy of applying several localized read beams during a single rephasing 
process introduces an effective loss for each individually-recalled subregion of the stored 
image. In the context of storing and retrieving a spatially multiplexed quantum signal 
such loss can be avoided by repeatedly inverting the magnetic field gradient as shown in 
fl7\ and applying the localized read beams during the entirety of each rephasing time. 
This approach would extend the total recall time for the experiment, rendering the 
blurring effects due to the diffusive motion of the atoms to be more significant during 
each successive targeted retrieval pHl [20] . 



a) > 



C 

CD 





l(x=<^)-Io 






b) 1.0 



x=0 



Storage time (fis) 













— ^ 


























H 











1 1 1 


1 1 1 



■f = 




10 



Figure 3. (a) Effect of diffusion on independent channels of width 6, separation a, 
and diffusion coefficient D at various storage times t assuming no background, (b) 
Observed decay of the visibility V (red points) for a stored resolution target at 1 line 
pair per millimeter. The data is compared against the model of Eq. [2] (black dotted 
line) assuming a diffusion coefficient D ^ 35 cm^s~^ and a normalized background 
intensity of 0.1. 



Taking the diffusive motion of the atoms into account [21j, we estimate the number 
of channels Nj^ax of a spatially-multiplexed signal that can be stored and independently 
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read-out over time. For simplicity, we consider the storage of independent channels of 
width b buffered by channel separations of width a (Fig. [3]). Defining the origin of our 
coordinate system at the center of the channel separation, we quantify the expected 
channel independence under the infiuence of atomic diflFusion according to the fringe 
visibility, V: 

I{x = ^^,t)-I{x = 0,t) 

I{x = ^,t)+X(x = 0,t). ^ ' 

In Eq. [1} denotes the recalled intensity at position x after storage time t. In the 

limit of narrow separations (| <C 1) and suflBciently short storage times {VDt <C 6), the 
retrieved V can be approximated as 

V^ L,.\ . -iV' (2) 



where D is the diflFusion coefficient for the atomic vapor [22l [23j . V does not depend 
on b in this limit because only nearest neighbor channels are expected to meaningfully 
contribute to the decay of the channel separation for short storage times. 

By defining a threshold on the minimum acceptable visibility Vunn we arrive at an 
analytical solution for the maximum allowable linear channel density A: 

A= f4y^Erf-^f-^%^)+6V\ (3) 

Given our empirically determined diffusion coefficient D ^ 35 cm^s~^ and a Vum = 0.9, 
we estimate that our memory can accommodate a linear channel density of up to 
A ^ 7 cm~^ for up to three readouts assuming a total storage time of 15 /xs (t=15 /xs 
in Eq. 3). This density falls well within the resolution afforded by our read beams. We 
conclude that, for /xs storage times, the upper bound on A is limited by atomic diffusion. 



3. Decoherence-induced erasure 



The evolution of the probe optical field S and atomic ground state coherence (72,3 can 
be described by the coupled Maxwell-Heisenberg equations [6j : 

dtcr2,3{^^t) = - (^-f2,s + ir]z^a2^3{z,t) +igS{z,t), 

d.S{z,t) =^a2,3(^,t), (4) 

where £{z^t) is the slowly-varying electric field of the probe, (72,s{z^t) the F = {2,3} 
ground state spin wave. A/" the linear atomic density, g the Raman coupling strength, Q 
the Rabi frequency of the control beam, and the detuning of the control beam from 
resonance. If the ground state decoherence rate 72,3 is assumed small compared to the 
time scale of the experiment, the general behavior of the system is to coherently transfer 
an optical excitation into a ground state spin wave Accordingly, any decoherence 
process that damages the spin wave during storage will directly result in loss of the 
retrieved probe pulse. 
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Figure 4. Local erasure of an image, a) Optical eraser applied between the hyperfine 
ground state splitting with detuning Ag ~ 1.5 GHz. (b) Raman absorption scheme 
used to excite the spin wave. Write beam detuning ^ 2 GHz. (c) (i) Retrieved 
image after 3 fis of storage without erasure, (ii) Retrieved images after 3 /is storage 
times and local erasure. 



We intentionally induce decoherence of the ground state spin wave by pulsing a 
10 mW "optical eraser" detuned by Ag 1.5 GHz from the Di resonance during storage 
(Fig. [4^). Choosing equal detunings for both ground states is meant to minimize optical 
pumping effects in the A-system, allowing us to approximate the storage medium's 
response as that of a two-level atom. We therefore expect the characteristic decoherence 
rate 723 to scale with the scattering rate: 

where F = 27r • 5.75 MHz is the 5^Pi excited state linewidth, Igat is the resonant 

2 

saturation intensity of the Di line, and I is the optical eraser beam intensity. The 
decoherence of the ground state 72,3 therefore depends on the detuning, optical power, 
and pulse width of the optical eraser. 

In all experiments, the write beam is also used as a read beam (Fig. ^) in order to 
attempt the recall of the entire stored image in a given experiment and to ensure identical 
conditions during storage and retrieval. We prepare the optical eraser by replacing the 
optical fiber previously used for the central read beam ("read 2" in Fig. lb) with an 
independent diode laser tuned to Ag ^ 1.5 GHz. Fig. ^ demonstrates how letters of 
the NIST logo can be individually erased. All images subject to targeted erasure were 
captured from individual echo experiments since information stored in erased regions is 
irreversibly lost regardless of any temporal multiplexing. 

To quantitatively study effects of the eraser, we store a resolution target pattern 
with a density of 1.5 line pairs per mm (see Fig. [5^). Since the edge-coated mirror 
assembly was mounted on a translation stage, our setup facilitated easily controllable 
targeting of 2x3 mm regions of interest in the fringe pattern. In particular, we found 
that erasure could be strongly localized to a particular region of interest, allowing for 
the complete removal of a selected fringe with negligible effects on neighboring fringes 
(Fig. ^jp). This degree of precision is consistent with the resolution limits achieved in 



Spatially addressable readout and erasure of an image in a gradient echo memory 9 

this experiment, suggesting that this erasure technique could be used to delete undesired 
channels of a densely spatially-multiplexed signal. 



a) i) ii) iii) iv) 
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Figure 5. Localized erasure of a stored image, a) Retrieved fringe patterns (1.5 line 
pairs per mm) for the case of (i) no optical eraser, (ii) and (iii) a 600 ns eraser pulse, 
and (iv) a 1 /is eraser pulse, b) Profile plot of the retrieved intensity without erasure 
(black) and after exposure to a 1 /is eraser pulse (red), c) Visibility V of the retrieved 
fringe patterns (red points) versus pulse width of the optical eraser. The solid blue 
curve is the modeled decay of V predicted by the scattering rate of a two-level atom 
for a detuning of A=1.5 GHz. In all cases the storage time was fixed to 3 /is. 

To study the time scale necessary for complete erasure, we measured the retrieved 
local fringe visibility V subject to a variety of eraser pulse widths. All fringe patterns 
were stored for 3 //s to ensure that any effects due to diffusion were common among 
all shots. When evaluating V in a given shot, the fringe patterns were normalized 
to the brightest undeleted fringe in order to correct for shot-to-shot laser fluctuations. 
Additionally, an average background from the read beam was subtracted from each shot 
to allow V to approach zero in the limit of large eraser pulse widths. The measured 
decay of V, as well as the expected decay for a two-level atom, are plotted against 
storage time in Fig. Using the model of a two-level atom, we estimate a decay rate 
of ^ 18 r~^. This very simple model shows close agreement with a best-fit exponential 
decay rate of ^ 17 T~^. 
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4. Conclusion 



Storage and retrieval of multi-spatial-mode images in an atomic memory relaxes the 
requirements on storage time for building a scalable quantum network based on quantum 
repeaters. We have demonstrated that GEM is suitable for on-demand retrieval of 
independent optical channels stored in the memory. To improve the flexibility of the 
technique, we introduced a method allowing fast erasure of undesired subregions of an 
image, which in principle could be extended to a spatially (though not temporally) 
multiplexed quantum signal [2l[ [25]. We observed that, under our experimental 
conditions, the spatially addressable resolution for readout and erasure is limited by 
the imaging system for the read and eraser beams and that the maximum density of 
information that can be spatially multiplexed is limited by the atomic diffusion of the 
atoms. The effects of atomic motion on storage time have recently been shown to be 
mitigated in GEM experiments performed using cold atomic ensembles released from 
an elongated magneto-optical trap [26] . Given the transverse extent of the trap and the 
slow expansion of the cloud during time-of-flight, we estimate that similar cold ensembles 
should be able to support tens of spatial channels on the millisecond time scale, given 
diffraction-limited read/write beams at 795 nm. Additionally, we expect that storing 
the Fourier transform of an image should be robust in the presence of diffusion, similar 
to results presented in [18]. 
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